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The alkaline hydrolysis reactions of 3-cyanophenol 
and 4-cyanophenol complexes of pentaamminecobalt(III) have 
been studied. The rate of reaction was found to be first 
order with respect to hydroxide ion and the products of 
the reaction were the respective carboxamido complexes. 
THepGacesOunivdoLolysis Ol elie DenzZzOnLeL lewis ganuecGordin— 
ated to the pentaamminecobalt(III) moiety was found to be 
Greatly enhanced compared toyvthe rate of hydrolysis or the 
free ligand. Changes in both the entropy and the enthalpy 
cause this effect. ft was shown that the hydrolysis re- 
action was a facile method of preparation of N- bonded 
carboxamido complexes of pentaamminecobalt(III). A linear 
free energy relationship between the rate of hydrolysis of 
the substituted nitrile complexes and the Hammett o sub- 
stituent constant was observed. 


The chromium(III) reduction of the 3-cyanophenol 


cobalt(III) complex was also studied. The rate of reduction 


was first order with respect to the’ chromium(ld) concent= 
ration and independent of the hydrogen ion concentration. 
Thesproduct analysis data, andicate that the reaction 
proceeds by two pathways: a major outer sphere path with- 
out ligand transfer and a minor inner sphere path with 
ligand transfer. In order to explain the sensitivity of 
the major path to substituents on the nitrile ligand a new 


mechanism consisting of an outer sphere electron transfer 
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with ligand reduction was proposed. The minor path was 
regarded as proceeding by inner sphere electron transfer 
With ligand reduction (radical ion or superexchange). For 
both of these mechanisms ligand reducibility is very im- 
portant and good correlations between the rates of reduc- 
tion of various substituted benzonitrile complexes and the 


reducibilities of the free ligands were obtained. 
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CHAPTER I 


DeNGreR TORE UMCA TL Oan 


Although the amino group of an amide is expected to 
be inherently more basic than the carbonyl oxygen 4 the 
available evidence q is overwhelmingly in favor of the 
oxygen being the most basic group. This is reflected many 
times in the fact that when an amide is coordinated toa 
transition metal ion the oxygen bonded isomer is normally 
obtained.* Both the N- and O-bonded formamide complexes 
of pentaamminecobalt(III) have been prepared iy but the 
methods used previously do not seem widely applicable. 

The preparation of the N-bonded carboxamide isomer 
presents an interesting problem in coordination chemistry 
as it provides a further example of linkage isomerism (1), 
(2). The N-bonded carboxamides are of interest because 
amido nitrogen coordination has been proposed 4 whena 


R ot O 2+ 


| 
(NH) -Co-O=C-NH 


(1) (2) 


polypeptide such as glycylglycine (3) coordinates to 
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Studies of the simple carboxamide systems may provide guide- 
lines as to the general coordination chemistry of the 
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It has been observed previously 
presence Of transition metal ions the rate of hydrolysis of 
nitriles to the corresponding carboxamides is greatly en- 
hanced. Normally the hydrolysis of nitriles requires vig- 
orous reaction conditions.” From these rate studies of 
the hydrolysis of nitriles it is apparent that the ligands 
containing the nitrele groups interact with, the transition 
metal ions in the transition state, followed by hydrolysis 
OL the nitriles group. This ‘facile hydrolysis of nitritve 
Groups iS an indication of the effect of the metal ion on 
the ligand. In this case the metal ion increases the sus- 
Ceptibiiity of the nLenbiler group co nucleophidic attack. 
Similar effects have been observed for the metal catalysed 
hydrolysis of the esters of amino acids. ~° Many other 
examples of changes of ligand reactivity upon coordination 


have been Gbeewved. 


| 
Destine CaseyOr aromatic nitriles Breslow .euyal 
have described the hydrolysis of 2-cyano-1,10-phenanthroline 
in the presence of nickel (II), copper(Il) and zinckit) dons. 


et 


They propose that the 2-cyano-1,10-phenanthrehine/dagand 
coordinates to the nickel (II) ion through the two pyridine 


nitrogen atoms in the transition state. The hydration of 
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the free nitrile group is then extremely facile. These 
authors postulate two possible mechanisms for this reaction: 
attack of an external hydroxide on the complexed substrate 
(I-1), or attack of a coordinated hydroxide on the complexed 


substrate - (1-2). 
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The authors provide evidence for mechanism (I-1) and pro- 
pose that the rate enhancement of the hydrolysis of 2-cyano- 
Te U-phenanthroline by nackel (11) catalysissis due solely 
COBEN eGeMOre  HOSItlVe entropy, Oo. activation, found for this 
system. This indicates that the developing imino ion 
becomes bonded to the metal in the transition state. The 
fact that the activation enthalpies for the base catalysed 
and nickel(II) catalysed hydrolyses are very similar is 
Drobablysdue EO Che position Of the nitrile group relative 
to the metal ion since any electronic redistribution on the 
ligand by the positive centre will not be very important 
for the remote nitrile group. 

The alkaline hydrolysis reactions of nitrile bonded 
3- and 4-cyanophenol complexes of pentaamminecobalt (IIT) 
have been investigated in this work as it is probable that 
the products of such reactions are the corresponding benz- 
amido complexes bonded through the nitrogen atom. These 
reactions have been explored as they may provide a general 
method of the preparation of N-bonded carboxamides. In 
some previous work : the nitrogen and oxygen bonded isomers 
of formamide have been prepared by directly coordinating 
the ligand to the pentaamminecobalt(III) moiety. However, 
this method does not appear to be a general method of 
preparation of N-bonded amide complexes. The kinetic 
parameters of the hydrolysis reactions of the cyanophenol 


complexes were studied for comparison to those of the 
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nickel(II) catalysed hydrolysis of 2-cyano-1,10-phenanth- 
roline and may provide evidence for mechanism (I-1) or 

(Is2)y (The substituted benzonitrilés “are particularly in- 
teresting Ligands in this respect as the imino ion formed 
during the hydrolysis reaction of 2-cyano-1,10-phenanthroline 
would already be bonded to the cobalt(III) centre in this 
case. Therefore more positive activation entropies for the 
hydrolyses of the coordinated cyanophenols relative to the 
hydrolyses of the free ligands would agree with Breslow's S 
argument. 

The chromium(II) reduction of the nitrile complexes 
was also of interest and the reasons are outlined in the 
following discussion of electron transfer reactions. 

Electron transfer processes between transition metal 
ions in solution have been generally classified =a into two 
major reaction pathways, one involving an inner sphere 
activated complex and the other an outer sphere activated 
complex. In the case of the outer sphere activated complex 
the electron transfer takes place between the reaction 
partners whilst their coordination spheres remain intact 
(I-11). When the electron transfer is mediated through a 
primary bond system, that is when a ligand is bonded to 
both the reductant and the oxidant in the activated complex, 
the mechanism is considered to be proceeding by an inner 


sphere mechanism (I-2). 


_ 
ao 
_ 7 
<= ; ‘ 7 
pillow e: Ue aia svaye ae = saute eataike 
Caen 7 


' 7 P. ie # atio: 
i! ee lnndees 264. 62-7040 "9. ay (yn Tae 


wee . 


~ + 


; ‘ _ 
7 : ‘-, 7 Tes ya 7 y 


lie 


* 
on 


P 
Iisa tallied oh 


: i ' u « Le paw e? 
7 benior ad anid GF) a6: ee . 
cet iv .4 


Amish Bante ah RF ORaEReT to tives MR TEAS 
, - | 


bed he 9 


i 7 on 
s 4 j i , of 
7 7 - 
: ¢ ( in 
i) 7 ‘ts : ; 7 
> ini wtied 
a! ~s L 
oat : N ' 
: LATS RI) ia 
: i ; i - ae _ a) 
fl it r 
. PL ph Ta oe oe eee ae 
i e ° 
» * . — : 
+ ‘ j ’ ' i ; et TO 


os 2: (hh am 
: i ; ; ey 1 i Sy S re ox ‘ ‘| j [ iy > 3 :3 € 74 
» =v id 4 , 7 = 


4 — = 
Ta > — 


30 fia tet 7 


mw ~e 9 26 19 


_ 
: _s 


Ww ebro. wet newer + be aw #7 iA gma net | * mie 


ie tame a a = wa nfo stam : nen a3 as 3 


es 


2+ 3+ + 3+ 2+ + 
Cr (OH,)¢ + Co{NH,),. + 6H. + Cr(OH,),~ + Co” + GNH, 
Vo) 
2+ 3+ + 3+ 2+ + 
Cr(OH,),~° + Co(NH,).xX° + 5H + Cr(OH,),xX” + Co” + SNH, 
(t-2) 


Outer sphere reactions occur when the rates of sub- 
stitution of the reacting metal ions are much slower than 
the rate of electron transfer. If one of the reaction 
patiners, as iil ), 1S stivs EPEUta One abil e aneouLcrspnere 
mechanism may still operate if the other partner does not 
have a suitable site for coordination to the labile metal 
Uh @Velyy me ABA Asal. oats! NH, group, bonded to "coba le (LED) mdoes) mot 
have any unshared electrons to coordinate to the reductant, 
the chromium CEE)—_ion. “The theory cf outer sphere electron 
transfer has stimulated much interest and various factors 
affecting the intimate details of this mechanism have 
been studied. The various points of view expressed have 
been summarised in a review by R. A. Marcus. 

Inner sphere reactions are most easily studied when 
one EBGacl ion partner 1s SsubstLeutrTon inert and hasea 
ligand capable of bonding to another more labile reaction 
Partners” At least "one»ot the products should also be sub-— 
stitution inert. Under these circumstances the ligand (xX) 
can penetrate the coordination sphere of the labile species 


giving rise to the inner sphere activated complex (3): 
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b+ 
[ (NH) .Co-X-Cr (OH) 5] (3) 


Clearly in order to observe inner sphere electron transfer 
reactions the reaction partners must be carefully selected. 
The cobalt (ITI)—chromium (IT) electron transfer couple has 
been widely studied since cobalt(III) is relatively inert 
CoOsesubstituttronsand chromium(l)) wis. labile. SAlso the 
cobalt(II) and chromium(III) products of the electron trans- 
ber are labile and inert Comsubstitution respectively. 

This is important because the bridging or mediating ligand 
is transferred to the chromium species during electron 
transfer and this chromium(III) complex will be generally 
stable and can be identified. In electron transfer 
reactions analysis of the products is important in deter- 
mining the reaction pathway. 

The intimate mechanisms of inner sphere electron trans- 
fer have been recently si classified into two general 
categories, the "chemical" and "resonance" mechanisms. The 
chemical mechanism refers to a process in which the reduc- 
ing metal ion is strong enough to reduce the bridging 
ligand and the electron passes from a bound state on the 
reducing agent to a bound state on the ligand. In the 


"resonance" mechanism the electron is assumed to pass 


directly from a bound state on the reducing agent to 
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enotier son the OxTdi zing metal-1on without occupying 

2 7 : ae. eon: 4 tte 
bound state on the™ bridging ligand. “Taube"s definition 
of the “resonance mechanism" includes the superexchange 

a ee Sel dim: x 
and direct exchange mechanism previously proposed. The 
superexchange mechanism involves transfer of the electron 
feOMe the Preductant “to thevoxidant through” a vacant ligand 
orbital, whereas the direct exchange mechanism indicates 
Ciae Clee role on tie prtdging ligand 1S simply to vbring 
the ,eactancs togetier. Evidence Supporting the ‘super— 


17,18 nd the 


; 4 16 are : 
exchange mechanism , chemical mechanism 
: ae 17. 
direct exchange mechanism has been put forward in 
various systems. 
ay we 4 s i = 
Nordmeyer and Taube proposed that a chemical “ox 
radical ion mechanism is operating for the reduction of 
the isonicotinamide (4-NiHC (0) C,H ,N) and the nicotinamide 


(3-NH,C (0) C,H N) complexes of pentaamminecobalt(III) by 


2 
chromium ( ily) -" As the "specilic rate” for reduction er the 
isonicotinamide complex is 500 times greater than for the 
nicotinamide complex the authors thought that the two 
isomers may be reduced by two different mechanisms. It was 
Show cidhaeie point, Of attack Of the Feauctant was et 
the remote amide carbonyl oxygen in both complexes. This 
represents one of the few clear cases of remote group 
attack where the electron is passed through an extended 
conjugated system to the oxidant. One of the important 


factors affecting the rate of reduction of complezes by..a 
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radical ion mechanism is the reducibility of the ligand; 
Since the rate determining step for this reaction is the 
CEans erlorea the electron, from the reductant, to the ligand. 
It has been found experimentally that free isonicotinamide 
is reduced at least 50 times faster than nicotinamide unde 
the same conditions. Therefore if both the nicotinamide 
and the isonicotinamide complexes are being reduced by a 
radical ion mechanism the difference in the rates could be 
a reflection of the difference in the reducibilities of 
the ligands. 

It has been proposed 2 recontiy thet the reduction 
of the pentaamminecobalt(III) compiexes of terephthalo- 
nitrile and 4-cyanophenol by chromium(III) proceeds by a 


radical ion mechanism. However, only in the case of the 


GE 


4-cyanophenol complex has any ligand transfer been observed. 


As chromium(Tit) nitrile complexes have not yet been 
prepared it is possible that with terephthalonitrile the 
ligand transfer complex formed during reduction is very 
unstable and cannot be detected. The difference in the 
rates. of reduction of the terephthalonitrile and 4-cyano- 
phenol complexes (0.92 mt Seo rs abOleh Geral sp wes ie m+ sect 
peach ee for a radical ion mechanism can be explained 
fie terme. oF tne requcipility Of whe digand ac. the, tres 


terephthalonitrile can be reduced polarographically whilst 


: ie 
the 4-cyanophenol cannot. 
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Another interesting system that is possibly proceeding 
by a radical ion mechanism is the reduction of the isomers 
of pentaamminecobalt(III) complexes of nitrobenzoic Borate” 
When circomium (1 bys added@to wan aciarcrsolutron= er p- 
nitrobenzoatopentaamminecobalt (III) the reductant is con- 
sumed rapidly but the cobalt(III) centre does not undergo 
any oxidation until more than 1 equivalent of chromium (IL) 
has been added. -This may indicate that the reducing elect- 
ron whasra -sianirevcant liretime- on the* ligand or’ thats the 
NO, Group is* being reduced bythe chromium. However, with 
the m-nitrobenzoatopentaamminecobalt(III) complex approx- 
imately 4 equivalents of chromium(II) are required before 
the cobaltviti) centre is reduced. “1t may bev expected 
from simple ‘Sioa pelejedetuon arguments that aa rate of electron 
Eranstean Involving Dara Substituents would "be Gzeater than 
Woe tie =substatUents are™@= in Cie™metla-postLrons. lt us 
likely that the nitro“group is first being reduced” followed 
by =redmeccion ore tier ligand and "cobalt(?lii);) “butmtais tices 
not explain ere Biteravendes in the stoichiometric “amounts 
of chromium(II) required for the para and meta isomers. 

In order to study the effects of remote* groups in 
electron transfer reactions the chromium(II) reduction of 
the 3-cyanophenol complex of pentaamminecobalt(TII) has 
been Studied. ©it Should be noted that the nitrile systems 
have an advantage as far as a mechanistic study is con- 


cerned because there is no available site for adjacent 
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actack we lius aly imechantem for. the reduction of this 
complex must be either outer sphere or involve the remote 
OH group. Also, a considerable amount of work ee has been 
Carried, OUT On the reducibility of the nitrile iigands. 
Ligand reducibility is expected to be important for 
radical ion and superexchange mechanisms. 

It was also shown : that in the reduction of the 4- 
cyanophenol cobalt(III) complex approximately 15% of the 
4—-cyanophenol was transferred to the reductant during 
electron transfer. The reduction. was thought to be pro= 
ceeding by two pathways; however, these paths could not be 
separated kinetically. 

The work described here included a more extensive 
product analysis study than in the electron Eranstes Jor 
the 4-cyanophenol. This was expected to show more 
accuratelyathe extent of ligand transier. The OH function 
of the 3-cyanophenol complex is expected to be less acidic 
then in the 4-cyanophenol complex since in the meta posi- 
LLonetcies Oh group as out Of conjugation with the electron 
withdrawing centre. If the formation of the bond between 
the reductant and the remote group is mechanistically 
iMportant chen a Greater amount of ligand transfer is 
expected in the reduction of the 3-cyanophenol complex 


than obtained for the 4-cyanophenol complex. 
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Die CCDaratLony OL ekeagents 

All reagent solutions were prepared with water 
redistilled from alkaline permanganate in an all glass 
apparatus. Lithium perchlorate solutions were prepared 
by dissolving reagent grade lithium perchlorate (G. F. 
Smpene Chemical Co.) in water. The resultant solution was 
fuitered Lnroughi-a 5 micron Millipore filter (Millipore 
Filter Corp.) and standardised by passing an aliquot 
through a column of Bio-Rad AG 50W-X8 cation exchange 
resin and determining the amount of hydrogen ion pelea: 
The sodium perchlorate solutions were prepared from 
reagent ae oor an perchlorate (G. F. Smith Chemical 
Co.) and standardised by the same method as the lithium 
perchiocrate solutions. Perchloric acid solutions were 
Puerareduby GliulLion of /1.2% perchloric acid (J. Ui. Baker 
Chemical Co.) and standardised against sodium hydroxide. 
The standard sodium hydroxide solutions were prepared by 
aqilution Of ampoules of concentrated carbonate free 
reagent (Bio-Rad Laboratories). 

Chromous perchlorate solutions were prepared by 
dissolving chromium metal (99.999% purity, United Mineral 
and Chemical Co.) in a dilute perchloric acidy/lithium 


perchlorate solution under an atmosphere of high purity 
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argon (Union Carbide Ltd.). The total chromium content 
of these solutions was determined spectrophotometrically 
by oxidising an aliquot of the chromous perchlorate sol- 
ution to chromate, with an excess of 30% hydrogen per- 
oxide in potassium hydroxide solution. The absorbance 

at 372 nm was measured and the chromium concentration 
Calculaceda trom the kuownsextinction coefficient, or, the 
Chnomate at this wavelengths. The chromium(lLi) content of 
the chromous perchlorate solutions was determined periods — 
Cally by reacting an aliquot of these solutions with an 
excess Olpstendardised fereic anmonium sulphate .soluci-01%,. 
PNeGeerCessuLeChaLC LON ewes wGetermined sby addition .Or 
potassium iodide and titration with a standard sodium 
.thiosulphate solution. Sodium thiosulphate.solutions 
were prepared by dilution of ampoules of concentrated 
reagent (Bio-Rad Laboratories). 

Solutions for chromium(il) reductions were de- 
oxygenated by purging with high purity argon and the 
reagents added by standard syringe techniques. 

All other materials: were used as supplied without 
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iP (je, Preperation and Clharacterisacion of Complexes 


1. Carbonatopentaamminecobalt (IIT) nitrate | 


(NH) .COCO,) (NO .) and Aquopentaamminecobalt (TIT) 
<—)e . 


perchlorate, ((NH,),CoOH,) (C1O,). 


ta eile we 
mehyaitle ty gel yelan way. pikapsba nd 
cikibenevovsahor wingynttl» Sis pe ote ¢ 
er in SattbLAds Horhiee wel WAP Gert vest 
igoidveie (thine basins Av Sir levied Seek Je 2 
saat tay Aeelgee Co ne dul’ heen Guia ey mene ter 
rm wae wits tw fop wail. iw Muuphk?, ait, Sn btodee wa lies 
Sareree SESAy™ rere) pevabavty are tis 4 iasnets Se niegee  ° 
oe are bbls 6 hiiMeh BAY. ae: 4 >¢al pwadione inl 
pedbon inehiiids 4.4) oo legre tig @62al es 
Arise eel yeps omidoe actatow oyleiigi eel 
Latinas ontiss to anaes tu ode, «ll Oey 


» (lnedelree abled Gabe) Jone eet ; 


| > 
ae. geal ana iiguides (11) arripetio er) natoaiet 1 
our PHN pusgrnn ge tiay ihe Ly Ske ' OD Shal: at: belgie pe 
Ly Ovi £ {ee ro Sats vag ‘ou VieetA | 
: 7 


Re ee 
| Rite Viese onda 7 
- 


14. 


Aysoluti on of- 45099 of ammonium carbonate in 450 
ml of water and 700 ml of concentrated ammonium hydroxide 
Wosecadded  LOrapcOluti om ores00lg CObal tous, nitrate in 150 
ml of water and 50 ml of concentrated ammonium hydroxide. 
APCeCCe stirring restiec SOLUCTOnN scunmnedua deepacrimson. | Lins 
solution was air oxidised for 24 hours and a red solid 
gradually crystallised. The mixture was cooled in a 
refrigerator for 12 hours and the red crystals were 
filtered, washed thoroughly with methanol and ether, and 
Pinay leeiried. 

the carbonato complex was converted to aquopenta— 
amminecobalt (III) perchlorate by slowly adding the red 
CayccalomtOnoU0EMIPCLawarm 1-0) Meperchloric acid. Bihis 
solution was, heated, filtered and cooled. The aquopenta- 
amminecobalt (III) perchlorate which crystallised out, was 
PPieesedanid Hecrystalltsed from 20" Maperchloruce#acida to 
remove all traces of nitrate. The product was washed 
with methanol and ether and air dried. 

The agquopentaamminecobalt(III) perchlorate was 
characterised by carbon, hydrogen and nitrogen microanaly- 
sis and by its pmr spectrum in deuterated dimethyl 
sulphoxide. All sthe aus values quoted in Table lpare 
relative to the solvent peak at t 7.48. It has been 
observed that geometrically different ammine groups in 
pentaamminecobalt (III) complexes have different chemical 


PAPA OAS) 


Sec se The assignment of the cis and trans ammine 
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TABLE 1 


Proton Magnetic Resonance Data for Pentaamminecobalt (III) 


Complexes in Deuterated Dimethylsulphoxide 3 


Comp lex trans NH, cis NH Others 
((NH,) ;CoOH,) (C10,) , WAS ROG OH, A324 
c “iste 
( (NH) ;CONCC HOH) (C10,) 3 leg, Se) oStiL4 CoH, 2aans 
ERIS! Sry AS Nate ir 
2.00 
((iH) ecoNcC HOH) (c10,).— 458 ils Wes sas 
Ba 5 6 4 As73 pic . 6 4 : , 
Ceci ee Oday 
U2 By se pepe ee Ofek 
GOH ULo4 
e 
((NH,) ;CONCC;(H.) (C10,) 3 Gat 7 avn ONS CoH. if 94, 
PRs Oa vn PA Nel Ie 
Doak 
: e . 
((NH,) ,CONHCOC(H.) (C104) 5 Ge /7 6.63 CoH. CA PAU 
2253 


(a) 
(b) 
(c) 
(d) 
(e) 


All t values are relative to the solvent peak at T 7.48 
MiewOH peak, could not be, detected 
This is the 3-cyanophenol complex 
This is the 4-cyanophenol complex 


Reference 24. 
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protons is in accordance with integrated intensities and 
with previous work. zg 
Anal. Calcd for ((NH,),CoOH.) (C1lO,),: N, 15.2; H, 3.69. 
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oS 3-Cyanophenol Complex, ( (NH) ,CONCC H,OH) (C10,) , 


6 
Aquopentaamminecobalt (IIT) perchlorate (5 g) was 
Gissolvedsin olmmLOf strimechy lonosphate with 15 9 of 
Linde 3A molecular sieves. Then 5 g of 3-cyanophenol was 
added and this mixture was heated on a steam bath at 
eppEOximatel yie/O-c04Ce tors 0mm nutes se hewn tial ywered 
solution turned yellow-brown at the end of the reaction. 
This solution was filtered, cooled and added to 800 ml 
GEEScCOndany, OUuLy  malCconol saline. muxture wes, Sta weed for 
15 minutes and the product that was precipitated was 
Collected ebyetil tration seelive Shas Ronee was recrystal- 
lised by dissolving it in a minimum amount of warm water, 
adding a saturated solution of sodium perchlorate and 
cooling. The recrystallised product was collected by 
filtration, washed with ethanol, methanol and ether, and 
Lina ive ainOrTed lhe pEoductawase Lume ia ur ibid Cau by 
ion exchange chromatography on Rexyn 102(H) (Fisher 
Scientific Co.) weak acid cation exchange resin in the 
sodium ion form. The complex was charged onto the ion 
exchange column and eluted with sodium chloride solutions 


of increasing concentrations from 0.1 Mto0.8 M. Using 


7 © 
. a uP al sen a2 mbekas A 


‘| > : 7 = a 
—- i>» h , af iL as ot , = ,| ve J Ne (eae a] J “- ‘1 is a’ » tel 
- 
a r or. ao ; ae 7 
x 7 Vek qa ae = 's A rad ia sai 
a | a 7 
; ¥ “s - aa 
Ohh UNE, ML Gren ds lp iia). xe dent lanadqrnnys 
: a eas 7 — “ —— aes a 
A : 
. ro A J ~ a &) 16 i ; 4) Aa Vey (ae 7Nrie oP My S | * an 


[*: 
, 5 Fi — a ? a a : ' 
‘ft p i] ra Me | . a. Aout ar A. ay Pn lie (it Ge, ‘ i > ay % a b 
¢ ’ i . 


' ; “a ar 


ry ‘ tee | 5 D 7 i : | Sit o7) & 5? ae 4 aa baaetab 7 


i : _ 
t=) ? ‘ f of 
1 (Seo (FRere oa 4 aa 6 ; Ww > DU aaa i Dibba Tein sb 
” 
‘ ; 


rile y ii 7) Bits i , | Statey id W i" Need ail 


ra) $00. kt Cabin tion bileow , be sed] 2% cg teekioien eRe 


¥ ’ Ow be & ye ¢ a eT At aed a * 14 < It {ahs sl - 


EB. is ee oe iS mw 2 } a jai sj. ou bane Ps iacte 
a j ow, Wj mi b :< j : i t d ia P| be OU e 
4030" BGP 216 FINO Cena ) me inaeif ve f 
OU 7 rt mf m3 bat i | eo af =» & . 
ss 


‘ j A 
borne 9, Sas . ERS. OSGi 3| - ‘\% PG pets re oA! j ry rn Minegn a 


cal linia alt zanrte: nm ld SOCIO uty : Ret ola fae A “7 
» b 


_ : ‘ i) 

7 ~~ 7 dotnl y Biase Rabe 931 jefe. ars weet ae age pet as 
fe 4 

pe ‘me wore sii mite rade op rau 

ovate sie 


ai aad ‘abe 
» on ; 

fipetae Lon seh re 
Seioh dyhdbetale 


ligpe 


this procedure a yellow band separated and moved down the 
ion exchange column leaving a red band which remained 
stationary. At this point the ion exchange column was cut 
and the yellow band was separated from the rest of the 
column. The yellow resin was thoroughly washed with 

water and methanol, and then air dried. A warm 2 M per- 
chloric acid solution was stirred with the resin and most 
of the complex dissolved into the perchloric acid solution. 
Jne resin was removed from the mixture by filtration, and 
the purified complex was precipitated by addition of an 
equal volume of a saturated solution of sodium perchlorate 
and cooling. 

The 3-cyanophenol complex was characterised by 
Microanalysis and visible, ultraviolet, infrared and 
proton magnetic resonance spectroscopy. The pmr spectrum 
indicates a nitrogen bonded ligand according to an 


3 


empirical rule proposed recently. The rule states that 


the chemical shift difference between the cis and Coens, 


NH, protons is tT 1.0 -— 1.5 for an O-bonded ligand co- 


ordinated to pentaamminecobalt (III) and t 0 - 0.6 for an 
N-bonded ligand. A more theoretical discussion of the 


chemical shifts of cis and trans Ni. Proecons in penta— 


amminecobalt (III) complexes has been given by Hendrickson 


and Jolly.*° 


The infrared spectrum of the 3-cyanophenol compiex 
group 


shows the typical absorptions of a coordinated NE 
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at frequencies 3200, 1625, 1330 and 860 cm™!. Hexa- 
amminecobalt (III) complexes show similar bands in these 
eanienas The C=N stretching frequency of the nitrile 
conplex 15 given in Table 2 together with that’ of the free 
ligand. The coordinated C=N stretching frequency is some- 
what increased relative to that of free 3-cyanophenol. 
This is also found to be the case for many pentaammineé- 
ruthenium(IIi) nitrile complexes 27 and some rhodium(IIT) 


DS BS) HO awl 
f é Walton indicates two fac— 


nitrile complexes. 
tors that seem important in explaining this increase in 
Stretching frequency. .Simple calculations af show that 
coupling of the C=N.and M-N stretching vibration should 
give rise to a small increase in the C=N stretching fre- 
quency, although the force constants remain the same as 

in the uncoordinated ligand. Also a small increase in 

the polar nature of the C=N bond, as would be caused by 
coordination to a strongly positive centre, may give a 
shorter bond with a resultant increase in its stretching 
frequency. | Purceliwand Drago og calculated thatthe 

force constant of C=N bond increased on coordination and 
more recently Purcell os stated that all nitriles coordin- 
ated to Lewis acids show this increasing force constant 
owing to a strengthening of the o bonding between carbon 
and nitrogen. The increase of 40 om for v(CN) upon 


coordination of a 3-cyanophenol to pentaamminecobalt (IIT) 


Le typical of transition metal nitrile complexes. 
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TABLE 2 


Frequencies for Nitrile Complexes g 


CEN Stretching frequencies, cm + 


_. Coordinated ligand Free Ligand 


3-Cyanophenol 2280 2240 
4—Cyanophenol 2270 2230 
Benzonitrile 2200 PL PSERY 
(a) All infrared spectra were run in KBr discs. 


(b) Reference 24. 
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The visible and ultraviolet absorption spectral 
data of the 3-cyanophenol complex are given in Table 3. 
The complex shows an absorption maximum at a slightly 
higher energy than the low energy absorption of hexa- 
amminecobalt (TIT) eae e@Cpsao fond e476 Mum) gindicating the 
aiTierence Of anvammoniavand a/nitrile Group in the 
spectrochemical series. The absorption at 340-350 nn, 
which is normally observed for pentaamminecobalt (IIT) 
complexes, appears to be hidden underneath the extremely 
intense absorption of the ligand in the 3-cyanophenol 
complex. 
Anal. Caled Lor ((NH.) ,CONCC 


H,OH) (C10,),: C, 14.9; N, 
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ce 4-Cyanophenol outs ( (NH) .CONCC;H,OH) (C10,) , 


The 4-cyanophenol Fone ee was prepared by dis- 
solving 5 g of aquopentaamminecobalt (III) perchlorate in 
50 ml of trimethyl phosphate with 15.g of Linde 3A molecu- 
Tar eieves: and 5 ig of A-cyancphenol,\ This mixtureswas 
nected On a steam bath (/0-80°C) for two hours. “The 
ihicawal Tred colour of the solution turned) to a .veliow 
brown at the end of the reaction. The procedure for 
TSOlabvon and spurilLicationsor thes product was the same 
as that described for the 3-cyanophenol complex. 

The 4-cyanophenol complex was charaterised by 


microanalysis and visible, ultraviolet, infrared and pmr 
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TABLE 3 


Electronic Spectra of Pentaamminecobalt (III) Complexes a 


Ligand Absorption Maximum, nm (Extinction 


Coetiicient Mt cm ) 


4-Cyanophenol 473(108) ASN Od (PALI S 4 wa ayy 
E 3 b 
3-Cyanophenol 469 (80) CASIEDY | Werte. oe AMMO NB eae 
Be AAS 4 
4-NHCOC -H ,O 493 (114) Zt Og 2 eee) 
pee C 3 
3-NHCOC -H 0 487(82) SU Ga steal Oas 
Pegi: d 3 : i 4,e 
Benzonitrile 469 (79) Sa UMioe jer oui a cena) 
= (6 = 
NHCOC (Hi, ss 485 (88.3) Ba Si eo) dale aeoe 10%) 


(a) All spectra are in aqueous solution unless otherwise 


nored. 
(b) Shoulder 
(c) Obtained by dissolving the nitrile in 0.1 M NaOH 
(d) Reference 24 


(a) eae choulder- is also=opserved aty~270 nm (276% tone 
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spectroscopy.  Thespmr results are ‘shown in’Table 1 and 
the chemical shift difference of the exsi and trans NH, 
protons indicates nitrogen bonding of the 4-cyanophenol 

‘LE the empirical rule previously discussed is applied. 

The 4-cyanophenol complex shows the typical vib- 
rations of coordinated NH. groups in its infrared spectrum. 
As shown in Table 2 the C=N stretching frequency of the 
coordinated nitrile is increased by about 40 cm + relative 
to, iechat ttn, themuncoorndi neacredimnimenive.erhis Ws samiver to 
the increase found for the 3-cyanophenol complex which 
was discussed previously. 

The visible sandy ultraviolet: absorption spectral 
data of the 4-cyanophenol complex are given in Table 3. 

The spectrum shows the same features as the 3-cyanophenol 
complex. with the high energy d-d absorption hidden as 
before, although no absorption is observed at the 240 

nm region. 
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II (iii) Kinetic Measurements 
Be Alkaline Hydrolysis 

The alkaline hydrolysis of the coordinated nitrile 
complexes was studied on an Aminco-Morrow stopped flow 
apparatus equipped with the standard high performance 


kinetic photometer, regulated D.C. power supply and a 
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standard storage oscilloscope. The temperatures of the 
reacting solutions in the drive syringes and in the 
spectrophotometer cell were maintained constant by pump- 
ing water from a Colora constant temperature bath through 
the block that surrounded the drive syringes and the cell. 
The temperature of the bath was regulated by a Fisher 
Thermistemp controller, with the thermistor probe in con- 
tact with the block containing the drive syringes and the 
cell.» the temperature of the solutions in the drive 
syringes was measured periodically with a copper-constantan 
tiermeceuple., (A rerrigeratom was Dlacea into the tLempo— 
erature control system whenever necessary. in alivalka— 
line hydrolysis experiments reacting solutions: were 
allowed to stand in the drive syringes for fifteen min- 
utes for temperature equilibration, before reaction. 

The reaction was followed by the increase in 
absorbance with time at 420 nm for both the 3- and 4- 
cyanophenol complexes. A solution containing sodium 
hydroxide and sodium perchlorate at the required con- 
Centration was vaplaly Mixea with a solution containing 
tihercopalt (tll), nitride comolex sand “sodium iperchiorate 
tovgive las 1 nal @Loulc sel cengtun On. UM Ome Thc tmi xed 
solutions. The change in transmittance occurring during 
the reaction was displayed on the oscilloscope and a 
photographic record obtained. At each hydroxide ion 


concentration between 8 and 10 traces of the transmittance 
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change were obtained, and the rate constants reported are the 


° 


average of these traces with a standard deviation of ~4%. 


a Chromium(II) Reduction 

The reduction of 3-cyanophenolpentaamminecobalt (III) 
complex by chromium(II) was studied on a Bausch and Lomb 
Precision Spectrophotometer. The spectrophotometer was 
equipped with the standard water circulation system pre- 
viously described. The temperature of the reaction cell 
and its contents was controlled by pumping water from the 
constant temperature bath through a specially made aluminum 
block which surrounded the reaction cell in the spectro- 
photometer. The thermistor probe was placed in contact 
with the aluminum block keeping the temperature of the 
reactant solution constant during the course of the 
reaction. 

The sreducttlon, of the cobalt (Lif) nitrile icomplex 
was followed by the decrease in absorbance with time of 
the low energy (472 nm) cobalt(III) absorption. A 
reactant solution was prepared in a 5 cm reaction cell 
containing the nitrile complex, perchloric acid of 
required) concentration, andslithium perchlorate towgive 
aebinaleionac=strengtisote..0 Mls lhiis=solutron was 
deoxygenated by passing pure argon through it for ten 

Bas 


minutes, then the Cr solution was added using the 


normal syringe procedures. 
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All the reduction reactions were run under pseudo- 
BUGS t=order (conditions, with the cr?t concentration being 
aGeleast. 20 times greater than the nitrile complex con- 
centration. The observed rate constant was determined 
EGO oe plots Of ma Log (A, “foe /Secinie 7 where AL is the 
absorbance at time t and AL ise thesabsorbance at initinite 
time. 

The activation parameters of both the alkaline hyd- 

2+ 


wOLV Si Seand wehescr reduction reactions were determined 


uSing the transition state theory equation 


k eee ast ES 
HOG a) ee) sssp—Ci(i‘+:«~Cdltog «= (——) 
a 2.303R - zoe h 
where k is the specific rate constant in if sec -, 


kp is Boltzmann's constant, T is the temperature in °K, 


Re_SmtluceCaSecOnGtant win ecal deg +t woe Aut is the 
enthalpy Ob actavation and ast acy whole) (sheleadeyey? (one “shehenkyi 
CLO sean DLO Ot Log (4) vs 135 should be a straight line 


+ Kk 
and intercept So ar dkerep. qi - | . 


AH 
with slope ~7-305R ~303R 


The transmission coefficient K is assumed to be unity. 


Chey) seelLons exchange. Ormune. Reactlon MI xtuLres 

The products of all the reduction reactions were 
ion exchanged immediately after the reaction was completed. 
The contents of the reaction cell were charged onto a 


cationic ion exchange resin (Dowex 50W-X12), in the 
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hydrogen siOn Torm, and sevaractea at 5°C. > The resin was 
then washed with 500 ml of water to remove all the free 
ligand from the resin. The charged reaction products 
were eluted with a solutzron, 0-5 M in sodium perchlorate 
and=0s) Mean perehioric accra. “Thirs= solution was added 
initially in a quarter strength and then the concentra- 
tion was gradually increased to obtain separation. 

It was discovered that the resin underwent a cer- 
talnecaioOunt Of CeConposi tron cin=tme air; the products. of 
this decomposition appeared in the ultraviolet spectrum of 
the free ligand washed from the ion exchange column. Thus 
before each ion exchange experiment the resin was washed 
thoroughly with 2) M sodium nydroxide, distilled water, 
approximately; 2 M perchloric acid, distilled water; 
ethanol, acetone and distilled water in that order. In 
this way any absorption in the ultraviolet spectrum from 


a source other than the reaction solution was removed. 


Tren Ins werimMentacLon 

The proton magnetic resonance spectra were obtained 
using a Varian A56/60 spectrometer. The infrared spectra 
were obtained on a Perkin Elmer 421 grating spectrophot- 
ometer using potassium bromide discs and Nujol mulls as 
the media. All visiblevVand wltraviolet spectra were 


recorded using a Cary Model 14 spectromphotometer. 
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CHAPTER III 


Reta Sar ise Las A N D Dy UR eyes abe se Sy Ae Oa 
liste atd:) ser ead ae HyCEOlySis Reactions 


The hydrolysis rates of the pentaamminecobalt (IIT) 
complexes of both 3-cyanophenol and 4-cyanophenol followed 


the rate law: 
a = k, [OH ] 


The results of the kinetic study are given in 


Table 4 and plots of Ko versus hydroxide ion concent- 


bsd 
ration at three different temperatures are shown in 
Figures 1 and-2.- A typical Kinetic plot as shown an 
PLouLe oon eile Cate ston Chips plot rare. given 1 Tables. 
A summary of the kinetic results and the activation 
parameters is given in Table 6 along with the results 
from some other ee ee , presented here for 
comparison. 

Evidence will now be considered that indicates 
that. the alkaline hydrolysis reaction) oc the nitride 


coordinated complexes proceeds according to the following 


echeme (LIiL-1l): 
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TABLE 4 


en re 


Nitrile Complexes 


; Temp [OH ] Seibadl, ky 
Nitrile va) M Ee mt aa 
4-Cyanophenoxide 29 0230 0.067 nes 
2) 0.40 008 7 0.243 
29 Geo0 OL 2 OR 2a2 
34 On2.0 C7027 6 0.380 
34 0.30 Oy ete) Oh er iy, 
34 0.40 Oe i59 Ozs98 
34 OnrS0 Om 192 0.384 
40 Oe20 On. 25 0.625 
40 O30 OF 739 06630 
40 0.40 G2 Gr 0.668 
40 Os 0 OR CIES) GO. 620 

3-Cyanophenoxide INS Omri 2 U2 G30 4.80 
Ene) 05.050 Crees 4.26 
OE On 073 Ue s80 oye | 
292 ORO 0.482 4.82 
23 O20 O96 4.98 
29 (ee) 1.40 4.67 
35 ) tOlyhs: Ora G23 
Si Grade: By dm 7.47 
Bie) Oe 0 NEA) ee 
Shs) 0.40 3.04 ieG.U 
40 OOo SERS, oes 
40 Oia ae viele 8) Te TS: 
40 Om20 CHA er Ape 
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FIGURE 1. 
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Dependence of the Hydrolysis Rate of 
the 3-Cyanophenolpentaamminecobalt (IIT) 
Comp lex jon ([OHim| lonierStrengthy 1.0: 
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PIGURE 24 “Dependence of ithe Hydrolysis Rate or 
the 4~Cyanophenolpentaamminecobalt (III) 
Complex on [OH J, IRereuinel mopenmcyalepelg es JE S16 Te eM 
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TABLE 5 


Data for a Typical Kinetic Experiment @ 


Lempera tire 


HydroxiGge Lon concentration 


Ionic strength 


Infinite transmittance 


Time (sec) ah 


The concentration for 3-cyanophenolpentaammine- 


[o)e) 


76.0 
78.4 
OOM 
81.4 
O2ne/, 
33.3 
84.6 
Corel 
e6 Y 
SiGe 
B65 
86.8 


2 


Oe 


LO eM (Naclo,) 


88.1% 


log 


Jie Cc 


3 


cobalt(III) complex was ~1.0 x 10 ~ M. 


ae 


Et 


ay 
co 


is the percentage transmittance at time t. 


0.0642 
O70507 
0.0414 
0.0344 
O20Z 75> 
0.0218 
O20176 
OS SB 
0.0120 
020095 
0.0080 
0.0065 


is the percentage transmittance at infinite time. 
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The product from the benzonitrile complex where X = H, 
has been isolated and the chemical cnceeyeke = and the 
pmr spectrum (given in Table 1) are as expected for a N- 
bonded benzamide complex. The infrared spectrum of the 
product shows that the C=N stretching mode has been lost 
consistent with the formation of the carboxamide product and 
and an absorption at 1660 cm + Can. be assigned ta the-C=0 
stretch vibrations expected for this product. 

Table 3 includes electronic spectral data for the 
hydrolysis products of the 3-cyanophenol, 4-cyanophenol 
and benzonitrile complexes together with the spectral 
data of the unreacted complexes. The similarity of the 
shifts in the electronic spectra on hydrolysis of the 
cyanophenol and benzonitrile systems indicates that the 
former also give rise to an N-bonded carboxamide as the 
hydrolysis product. = lhewlimited amount olenrtrpie vcon= 
plex prevented characterisation of the hydrolysis product 
in the cyanophenol systems. 

The alkaline hydrolysis of the cyanophenol complexes 
of cobalt(III) appears to be an example of a general 
method of preparation of N-bonded substituted benzamide 
complexes. Normally preparations of amide complexes 
yield the oxygen coordinated isomer. The chromium (ITI) 
reduction of the praconaced and unprotonated forms of the 
N-bonded benzamide complexes may be of interest. 


It is apparent from Table 6 that coordination to a 
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(NH) Co?* moiety increases the rate of benzonitrile hyd- 
EOLVSiS Dy a, Laccor Of -2ex eho The difference in the 
activation, enthalpy forethe hydrolysis of the wunccordin-— 
acvedyand, coordinated benzonitrile is of the order of 3.5 
kcal tiofear whereas the difference in the activation 
entropies of these two systems is 17 cal mole? deg t. 


rniewtacter, factor Concribpuces about 5 tkcal note Avec oe 


tor the tree energy of aciivation (AGT) calculated from: 


act = ant - vast 


Thus both a more favourable jut and ast are contri Duciigd 
Significantly to the rate enhancement. 

Clearly then any expianation of the increase of the 
vate Of hydrolysis of nerionmeie upon coordination to 
a Cobalt (LE) centreyby consideration of a single, acti- 
vation parameter cannot be justified since the activation 
parameters contribute almost equally to the free energy 
Of vactivyoacuon £Or thas) reaction. However, 20 1s anter= 
esting to note that a plot of the log of the specific 
Tate tconstant at 25.6°C yersusathe acrivation encrapy 
(Figure 4) does indicate a qualitative linear relationship. 
Only the hydrolysis of 2-cyano-1,10~phenanthroline and benzo- 
nitrile are exceptions to this relationship. 

Table 6 also shows’ that the raterol alkalinesiya= 
rolysis of the 3-cyanophenol complex is approximately 20 


times greater than that of the 4-cyanophenol complex. 
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FIGURE 4. Relationship Between the Log of the 
Specific Rate Constant and the 
ACCIVatLOn EnLroupy. §oOn a Numberuor 


eystems. 


Prati iin 7 a | mi F nny 


fel i wa rt spe ra Gtk. C? bet av a : 
Pinleed a7) ita Me ayo 
co amet ea, aE watt te 
bi - 7 a 7 
7 a ie 


ae 
ie a et a i 


1 oe 
Y 


oe 


This rate difference is probably a reflection of a change 
inthe electronic distribution, within the ligand brought 
about by the change in position of the -O substituent. 
Simply the electron donating power of the -O group to the 
reaction centre is somewhat reduced when it is in a meta 
position compared to an -O group in a Data pOsi tron. 
Thusehucleopniigc attackwat ther =CN group by hydroxide 

1On fe texpected tovbe Laster for the meta: substituted 
ligand. 


Zo that the rate 


it has been found previously 
constants for hydrolysis of substituted benzonitriles 
show a linear free energy relationship. Wiberg plotted 
the rate of hydrolysis of a series of such nitriles with 
hydroxide and hydroperoxide ions versus the Hammett o 
constants and found a linear relationship. He used the 
nOxLriMeL as and oF CONS tants ror pera and Meta Substituents: 
Cohen and Jones observed a similar relationship to exist 
between a different series of benzonitriles and the 
Hammett o constants. A linear free energy relationship 
for the coordinated nitriles studied here was obtained. 
The appropriate data is given in Table 7 and plotted in 
Piguvesou) The slope or tie lite iy Figure > 9¢ivesra 
reaction conetant, (0) Of 3.84 for this particulan reaction. 
The rate enhancement of ~2 x Men for the alkaline 
hydrolysis of the coordinated cyanophenols relative to 


the uncoordinated benzonitrile is of a similar magnitude 
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TABLE 7 


Linear Free Energy Relationship Data 


ne) he Substituent i Koyo mun ge 
4-Cy anophenoxide On -0.7447 -0.52 
3-Cyanophenoxide O- Qno>27 =(Oie 9 
Benzonitrile H Lw2sA2 Os 


(a) Wkic(eevey ep SigeliMibvev= eGere Welal=) Bevopaitertt on and o constants, 


as, obtained from treterence 46. 
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Hydrolysis of the Cyanophenol Com=_ 
plexes and the Hammett o Substituent 


ConsScames 


ay. 
: . | 
| a | real fA vebawpad cxiiinn paths oh 


> 


ag Ma se iyi By “be ye oe 7 7 


Lp ee 


) ee 


40. 


to the value of “won! cbserved by Breslow et al z for the 
2=Cyano-7, LOU-pnienanenrolimmeni ckel (Il) jsystem. It must be 
remembered, however, that the two cases are somewhat dif- 
Terenteaitetiat tne ni tris So nOt ini taaidy bound direct ly 
to the metal in the latter case while it is in the former 
System en [huse ine ther27Cy ano=),, LO=phenanthrolinentckel(171) 
SyStenecie Nitivle iSeinitially remote ‘from the effects (or 
the central, metal, ion. It isialso, less sterically, hindered 
thanyv aint le coordinated to a (NH) ,Co™* moiety. The 
kinetic parameters) for the»catalysis ditfier.in thers cobalt— 
(LoL) pand waickel.(Li), cases.}eiThe (NH,).Co?" system appears 
to give both a more favourable Aut and AS!'., while with 

the nickel (II) ke complexes only ast is affected sig- 
nificantly. j|However, the change of Ast to a more positive 
Valueion the: hydrolysiseef the coordinated ni tries aspat 
least qualitatively consistent with the argument of 
Breslow et al 2 that the more favourable ast with the 
Wected Chin meonplexs ishassociated wath Dbondanggol thesder 
VetlLOping. yLMLNO, Lon ito, the metalei ny theyGranss tion state. 
In the system studied here the imino group is already 
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fe Lee) Crrom. um (lL) reduction of 3-Cyanophenolpenta- 


amminecobalt (III). 


The chromium(III) reduction rate of the 3-cyanophenol- 


cobalt(III) complex followed the rate law: 


sa Cin Ucobalt (lit), complex)’ 


2 
a fe = eee 
ce 


obsd 


HHneeslatecdata FORP tie, Teduction Of Enis complex mic 


given in Table 8 and plots of Ko .g Versus chromium (IT) 


bs 
GONCENErALLON at 25°C, 3a°Cvand 45°C are shown gn Figure: 6. 
Atypical kinetic plot 1s ‘shown. in Figure 7 and the eporo- 
priate data Gor this plotias given’ in) Table 9. (The rate 
constants and the activation parameters are summarised in 
Tanlee10. 

In general it has been found that kinetic parameters 
alonGedre NOU SUurficient to establish) the: electron) trans— 
fer mechanism. The identification of the initial products 
of the reduction reaction is the most important factor in 
determining the mechanism of the reaction and the point of 
attackwot the reductant. “The existence of a chromium(i..1) 
ligand complex, in this particular case, where the ligand 
Was OLLotialiy coordinated to ther cobalu(iil) centre ws 
conclusive evidence for an inner sphere mechanism; however, 
the ack, of stich a complex, which shall be referred (Colas 
a ligand transfer complex, does not necessarily mean that 


an inner sphere mechanism is not operating. The latter 
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TABLE 8 


Ranetac Results for the Reduction of the 3-Cyanophenol- 


pentaamminecobalt (III) Complex z 


Temp eae exh [HJ koneqaS ile k, x 0G 
Ae M M sect m+ sect 
25 a O20 Abe ge 26) 4.38 
25 Ai 0-30 Ale e 4.36 
Zo 2.0 ro 0 hs W/E) B26 
Pa 324 04735 acy, 4.04 
25 So 0235 1.43 4.20 
mS. Sire O05 Dre) Garces 
35 Are Ore3.Q ero 6.88 
51S) Piet O50 146 130 
Sis) 4.2 0530 Za 72.02 
S5 Sel O53. 5 Dee A) VP Aa) 

45 See 0.0.8 Sree Li 2esd 
45 aie) O5730 BAe NS) Maa 
45 4.4 Dir”) Belize: IC Ds 
45 Sire 0.68 SPPERS) ea 


(a), Vihe woniecestrengtiiwas kepe late). OnMawith ithaum 


perchlorate for ali the) kinetic experiments. 
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TABLE 9 


Data for a Typical Reduction Kinetic Experiment 


Temperature = Sis e! 
Chromium(II) concentration = EA 5 1084 M 
Ionic strength = eS lOh ai Liclo, 
Hydrogen ion concentration = 3,0 x10 1M 
Infinite transmittance = 72.03 

3 fea! Ms 
T,% ‘ log -—— Time (secs) 
ee eeeesesenes z eee 
28.8 405598 0 
33.4 0.334 | 120 
CHATS, Ober aN) 240 
41.6 Ozes6 360 
45.7 ORaLo 7. 480 
chs a 02166 600 
Bee 2 0.140 720 
54.8 (he Dabs) 840 
fe hogs: On02 960 
Ss 0.084 1080 
a OO 70 1200 
Gs .2 Ore 7, i320 
64.6 0.047 1440 
GS. 0.042 1560 
66.4 Om035 1680 
Slee 0.028 1800 
67.8 0.026 1920 
68.6 ORO. 2040 
Bo 2 Om One? 2160 
69.6 0.015 2280 


(a) T, is the percentage transmittance at time t. 


(ob) T is the percentage transmittance at infinite time. 
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TABLE 10 


Kinetic Parameters form the’ Reaction of the 3-Cyanophenol- 


pentaamminecobalt(III) Complex 


Ligana Temp k AHT ast 
he. me sec + keal mote >> Cal more = sien y 
Bc¥anophavoitwlasel 457 exile <en904 thl =340he 2 
2 


35 720 ese On 


As eek 9S gs 0.6 ve 


AT 


possibility may be the case if the chromium(III) complex 
is undergoing a fast hydrolysis reaction to Gx (BRO aie 
before it can be characterised. However, pentaaquochrom- 
ion(III) complexes are normally stable with respect to 
hydrolysis.°° 

Clearly the analysis of Che: products oLtsitherreaction’ of 
the 3-cyanophenol cobalt (IIT) complex forms a very important 
Dam. gOlLmLhe study, of iehesreductionsor Chis complex tae the 
percentage of ligand transfer can be obtained by directly 
determining the amount of the ligand transfer complex after 
reaction or by determining the amount of the uncoordinated 
ligand after reaction. Normally both of these methods 
are used together to act as a check. However, if only a 
small percentage of the reaction is going with ligand 
transfer, then the amount of ligand transfer product be- 
comes difficult to detect. This is because it is very 
di tfiicud tato separatemthe ligandstransfergcomplexptrom 
the relatively large amounts of Gx (HE 0) vk by ion-exchange 
chromatography and also the extinction coefficients of 
the complex in the visible and ultraviolet region are 
expected to be very small. In the 3-cyanophenol case the 
percentage of ligand transfer in the reaction was obtained 
by determining the percentage of the free ligand in the 
reaction products. 

The solutions of the reaction products were air 


oxidised for five minutes and were subjected to cation 


Teen tsave: id teagan 0 vineyiane ore duvet he 
sit sgis yr @. erigt sakane? (eri cthie tee an 
aan “eerqque Bias 20. Badouicbes, orth Te) vere ans 20. A ; 7 
Msc yt Snot od mas Sorugiet in ee Ser. ened cae 7 
adh <sto leniet wetnadss baat alg 2h rite As. art evoke a 
beshittinaosny: eid: Jo toa e4 eokn distin yeh at. ec _ 
pone wakidil 4a ayo idan we .wobtongs, Behe paeapah © 
p WEAR Vk. keeowed . soe 20 J50- oo <omtepee Hen 
SRD REL ot Ew enhagie? \alegosys aid, To. peaiaeitaR | 
Bd SoRBOY Pte Sl anks2. sis pas te Jone ela eds ie? | a 
dine 2? 4) gay eae af atey a 4 e748 wet (SOLS th awe i : 
of nut Sal cnr a Gyles lt” veld ysatged. ot ot ¢lontdaee ts : 
Ee ve ey (O,Riab-Jo eaten: Ubetel iors ion tame mv 
to a -Uintioni ike edt ois tte Witerpos cma 
ath ni bet ite bias* En bas, aidsndy-ada nk maloncs ata 
i ie sive gelesen 89 mi ree ee a 


hoe Bat lorax oat me alias iaomht tee cessation 


af Senna ee Didnt 


i — 7 FF — | Ps i 


48. 


exchange chromatography as previously discussed in Chapter 
Ii. The free ligand passed through the cation exchange 
column and was collected for quantitative spectrophoto- 
metric analysis. The electronic spectrum of the uncoordin- 
ated ligand showed that no chemical change, such as 
reduction, had occurred to the ligand. The percentages of 
the uncoordinated 3-cyanophenol are tabulated in Table II. 
From a consideration of this data the free ligand recovered 
after reaction is independent cf the hydrogen ion and the 
temperature. Therefore, the amount of reaction proceeding 
by a ligand transfer mechanism is also independent of 

these two parameters. The mean percentage of the 3-cyano- 
phenol recovered is 88.0 with a standard deviation of 
3.1%. The question may be raised as to whether the 12% of 
the ligand not recovered is the result of some experimental 
loss and as such does not reflect the amount of ligand 
transter complex formed. The ligand Cransfer complex would 


Beyvery dizficult to detect as itsicomcentrationgmust be 


7 ee 
Very smal and also there would be a Perge excess of Cr 
BEesenteina tie alr-Oxidised, reaction mizture.. olin Pract 
no ligand transfer complex was detected. An experi-~ 


ment was performed, therefore, in which the products of 

the reaction were left for elght days at room Cemperature 

before being ion exchanged. The free 3-cyanophenol te- 
oe 2) 


covered from the experiment was 95.1%. The 5% discrepancy 


from 100% free ligand that one might expect to obtain 
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TABLE 11 


3-Cyanophenol Recovered after the Reduction Reactions 


Temp ees 26 Om fi fon 4 oe Om Percentage 3- 
ae M M M Cyanophenol 
25.0 Lah 0.05 Tig TEA 8 Bed: 
25 0 0.68 WO 7 91.5 
35.0 320 0.05 1. 25 88.2 
35.3 S30 0.05 ae 88.9 
35.0 222 Geo 1.26 88.4 
35.0 Agt) 0.30 1.08 90.5 
35.0 1.9 G30 Laan 90.0 
0 473 0.30 07 86.2 
35.0 4.3 62350 een G22 
55.0 B20 0250 Th whe) 80.4 
35.0 AL 0.36 120 95.1° 
oon 5 2.96 0.68 a 7 goea 
35.5 2.96 0.68 Awe) 0300] 
45.0 B62 0.05 TUatOy) 89.5 
45.0 4.4 0.30 26 90.2 
45.0 2.0 0.30 139 89.4 
45.0 ce 0.30 a0 87.8 
45.0 2.96 0.68 ibs 1 86.2 
45.0 oe2 0.68 ES 87.3 


(a) Tnethistpalticular case the reaction mixture was ion 


exchanged eight days after the reaction was completed. 
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could be due to a very slow rate of hydrolysis of the 
pentaaquochromium(III) complex. It has been shown : that 
the chromium(III) complex of 4-cyanophenol hydrolyses very 
slowly even at 45°C. The same author has shown that this 
complex in the presence of excess chromium(II), does 
undergo some slow hydrolysis. This apparent chromium(ITI) 


catalysed hydroiysis probably involves electron transfer 


oe 
6 


The latter complex is expected to be labile and will lose 


to yield Cr (H,0) and 4-cyanophenol pentaaguochromium (II). 
the cyanophenol ligand, as shown in (III-2) below, where 


x represents the 4-cyanophenol: 


2+ - 3+) slow . 3+ oe 
Er (HO) 6 + Cr (11,0) 5% ——> Cr (HO) 6 + Cr (H50) 5% 


fast HO 


Vv 
2+ 
Cr (HO) ¢ + X 


(IITI-2) 


Thus this scheme does give rise to a pathway producing the 
free ligands ) Jnathe, experiment where heareduction pro- 
ducts were left for eight days before ion exchange there 
was an excess of chromium(II) present and thus hydrolysis 
of the 3-cyanophenol chromium(III) complex by the above 
pathway would be expected yielding a recovery of 100% free 


phenol. 
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Never iscea turtherspossibi litvethat. the os. tree 11dgand 
that was not recovered in the original experiment may be 
retained by the resin itself and not eluted. A further 
experiment was performed where a solution of the ligand 
of known concentration was passed through the column, col- 
lected and the concentration determined. All of the 3- 
cyanophenol ligand was recovered. Therefore no retention 
Of thewltgaend by therresian, occurred. PAlthough wes not 
Clear what the causes of the 5% discrepancy of the free 
ligand may be, it can be said with certainty that some 
ligand transfer is occurring, the amount being approximat- 
Gua ore 

Any mechanism postulated for the reduction of the 
3-cyanophenol complex of pentaamminecobalt (III) by 
chromium(II) must explain not only the observed kinetic 
results but also the results of the product analyses. A 
possible mechanism operating is one that involves two 
Gistinca pathways, a normal outer, sphere reaction -as, the 
major pathway together with a much smaller inner sphere 
pathway. This mechanism as a possible explanation of the 
experimental data will now be considered, although the 
intimate mechanism of the inner sphere path will be dis- 
cussed later when inner sphere mechanisms and ligand 
reducibilities are considered, 

In a normal outer sphere mechanism the ligand coordin- 


ated to the cobalt(III) centre formally “takes mo part in 
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the detailed electron transfer mechanism. The transfer 

OL thevelectron is directiy from an orbital of the reduct— 
ent intovansorbitaleot the oxidant as shown in Scheme 1-1. 
However, £0 Say that the ‘electron’ transfer is completely 
independent of the ligands in outer sphere reactions is not 
SGrLlchily truc Since At lesthougne thatyin sone: cases va 
large conjugated ligand, such as o-phenanthroline, can in- 
crease the delocalisation of the electron on the reductant 
endsthereby emake electronetransirer to the oxidant moze 
facile.** 


The acetonitrile complex, (NH CoNCCH ay has been 


3) 5 3 the 
studied a ands the rate or sreduction by chromium (11) 
fOUNnC scowl e 007 m+ seg ts This reaction must proceed 
via an outer sphere mechanism since there is no group 
on the oxidant with a pair of electrons available to form 
the bridged species with the reductant. A study of the 
Chromium (ib) “T“eduction Of the malonodinitrvle complex jor 


he 


Cobale( Tis) yields a rate constant which is at least 
100 times greater than the acetonitrile complex. The 
malonodinitrile complex, (NH) .CONCCH.,CN, has a remote 


site available for coordination to the reductant. 2nsofar 
as the rate of reduction of the 3-cyanophenol (4.17 x on. 
Ms oem) Pe scLose eeOetLiCrind be Ole reGlC. Ole Oba. OU Ger 
sphere mechanism, the 3-cyanophenol system may proceed 


by a major outer sphere pathway with a small ligand trans- 


fer path. However, the rate of reduction is not a very 
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dependable criterion for a particular mechanism, but is at 


best a guideline. Similarly activation parameters cannot 


be used as being definitive of a Mechanism, but it has been 


observed Se that as a general rule reduction of nitrile 


complexes with a less positive activation energy than 
ood bel hg fees ial mole + and a more negative entropy than ~-30 
Gau mol? dege should not be considered as proceeding by 
a simple outer sphere path. The activation parameters 
for the reduction of the 3-cyanophenol complex are Aut 9.4 
kcal mole” + and ast -34 cal moles se 

Reactions proceeding by an outer sphere mechanism 
would be expected to have a rate of reduction that was 
independent of small changes in the ligands coordinated 
to Enervoxidant.  Whese changes are such that they fare not 
likely to change the ligand field strength of the particular 
ligand and thus have no effect on the energies of the 
cobalt(III) d-orbitals. This type of difference in ligands 
is exemplified by the 3- and 4-cyanophenols. However, the 
rate of reduction of these two nitrile complexes differs 
by about 50s) as" shown ain Table’ 12. While the ditference 
ieraremicenOte large ii ts Sstvligsitoniticank as. rates 
the outer sphere mechanism is concerned. Two other 
examples with larger variations in their rates of reduction 
are the terephthalonitrile and nitrile bonded 4-cyanobenzoic 


complexes of pentaamminecobalt (III). The rates of re- 
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TABLE 12 


Activation Parameters for the Chromium(II) Reduction of 


Some (NH) COX Complexes 


Ligand kK 25°C) Aut Ast 
Mat secms Woannoler 4 Sau 
3-Cyanophenol Vale) Se 9.4 + 1.0 -34 + 3 
Terephthalo- 
nitrile * 0.920 5.5 -40 
Isonicotin- 
: b -3 
amide Axe 0 9 -39 
Fumarato ~ eZ acs Tf -36 
a -2 
4-Cyanophenol Sey od ke) Us WA fal -28 
(a) Reference 3 


(b) Reference 17 


(c) Reference 40, for the 2+ species. 
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ductionmares0 92 Mi~ secu “and 0.282 Mis secr” respect- 
ively. If all four of these complexes are being reduced 
by an outer sphere mechanism then their rates of reduction 
would not be expected to differ so widely. 

One major alternative to a simple outer sphere path- 
way iS an inner sphere mechanism involving ligand transfer. 
Three different intimate mechanisms have been suggested 
for inner sphere paths which would be consistent with the 
Sensreivity of the vate GE reduction to ™the mitrile ligand. 
The first is the radical ion mechanism whereby the reductant 


electron reduces the ligand (III-3), where X is the ligand. 


wot 2+ pa a tal deel a 
(NH) -Cox + Cr (H,0) © —> (NH,) .Co x Shs (HO) , 
| slow 
iia - shine 
(NH) 56° — xX —-Cr (12,0) 5 
fast 
if 
con ao xcr Hi O) 
Pains 
bn ae Be B 


Secondly a superexchange mechanism may be operating 


(IITI-4): 
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| slow 


a 7 lets 
(NH) ,Co ——X——_-Cr (H50) 5 
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(III-4) 


The third possibility is the direct exchange mechanism 
where the ligand serves only to bring the oxidant and 
BEductantesLogethber and its orbitals “are not involved in 
the pactual, transfer of the electron. 

However, all these three mechanisms give rise to a 
chromium (lity eligangetranster product and asyscuch “they 
Can, Ol byabe Considered as Viable possibilities sit the 
chromium(III) complex undergoes fast hydrolysis. As pre- 
viously discussed pentaaquochromium(IIIl) complexes are 
usually stable to hydrolysis so this possibility is not 
Vel Vaeuwicel yoy Also had. obalanuta : has. shown that the 
rate of hydrolysis of the 4-cyanophenolpentaaquochrom- 
ium(III) complex is very slow relative to the time 
LeEQULLeasLOL Ceduculon Oreste Cobal ti LEE) comp lex (and the 
Lon excnvange of the products (or the reaction. Results lor 


this study with the 3-cyanophenol complex indicate that itis 
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also slow to hydrolyse on the same time scale since only 

88% free cyanophenol is recovered. Therefore, the major 
part of the reaction cannot occur by an inner sphere path- 
way. A discussion of which of the mechanisms might give rise 
to the small inner sphere path that is found to occur will 
be given -laten,when the effectrof tthetligand!reducibi lity 

is considered. 

It can be seen clearly that neither a simple outer 
sphere nor a simple inner sphere mechanism can satisfactor- 
ily explain the experimental results obtained. The rate 
of reduction of the 3-cyanophenol complex. and the associ- 
ated activation parameters together with the large vari- 
ation of the rate with small changes in the substituent 
on the aromatic ring of the ligand are not consistent with 
an outer sphere mechanism for the reduction reaction. 
However, an inner sphere mechanism is not consistent with 
the small amount of ligand transfer observed since the 
chromium(III) ligand transfer complex is expected to be 
stable. Therefore it 1S necessary to postulate an alter- 
native detailed mechanism to those so far discussed. 

This third mechanism involves an outer sphere re- 
duction by a stepwise electron transfer from the reductant 
tosthe lecqand with the formation of a radicalsLon, Miols 
lowed by the transfer of the electron by the ligand to 
the cobalt centre. This mechanism can be considered to 


be an outer sphere radical ion (Tii-5) or outer sphere 
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superexchange mechanism. The lifetime of the radical 
formed is the only difference in these two mechanisms. 
In the case of the radical ion mechanism the ligand 
radical has a definite lifetime whilst the superexchange 
mechanism implies that the reducing electron is simply 


Eranstereed throughvaydigandsorbitalator: they oxidant. 


3 SP ue 


Pe AGE If 
(NH) -Cox ote Cr(H,0)¢ —— [(NH3) .Co X(H,0)Cr (HO) .] 


| slow 


EDD pies Bh RE 
MOap (ke (HO) ¢ 


| fast 
(III-5) 
CT 


CO + X + Cra eOl 


(NH) .Co 


The radical ion mechanism has been proposed for the 
chromium(III) reduction of the fumarato af and the isonico- 
tinamide ou complexes. However, for these two systems the 
inner sphere reduction path has been conclusively proven 
by the isolation and identification of the chromium(III) 
ligand transfer complexes. These reactions are character- 
ised by a low enthalpy of activation and a large negative 
entropy of activation. Table 12 shows the activation 
parameters of the reduction of the 3-cyanophenol complex 
together with the activation parameters of the reduction 


of other complexes, including the isonicotinamide and 
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fumarato complexes, for comparison. The activation para- 
meters Or the 3-cyanophenol reduction are quite similar to 
those of the isonicotinamide and fumarato complexes. 
Tieereduciprlitysore the road 16 tought LO bean 
important factor in the radical ion and superexchange 
mechanisms of the reduce onmOE the -cobalt(irT) centre’ The 
relative reducibilities of a series of related ligands can 
be obtained by a consideration of the polarographic half- 
wave potentials of the reduction of these ligands. 
Zuman se has shown that a linear free energy relationship 
can be obtained between the polarographic half-wave 
potential and the Hammett o substituent constants for a 
Seriessor substituted benzonitriles. Theo substituent 
constants were utilised by 4uman as they included an 
enhanced mesomeric effect by strong electron donating 
groups when they are in conjugation with the reaction 
centre. They were originally introduced by Hammett oa when 
he proposed the use of a special Geaconstantetor the ynatro 
substituent for reactions of phenoxide ions and anilines. 
In’ thas context«it should be noted that there is no direct 
correlation with the normal Hammett o constants. Table 13 
shows the data for a linear free energy relationship plot 
between the log of the rate of reduction of some substituted 
benzonitrile ligands coordinated to pentaamminecobalt (III) 
and the Hammett o constants of the substituents. This 


plot issshown in Figure 8.9 9Assthe value of the o constant 
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Data for the Linear Free Energy Relationship of the Rate 


of Reduction of Some (NH 3) <Cox Complexes 


Ligand eC 25°C) o Constant 
-1 -1 
M Sec 

Terephthalonitrile noe ice es 
3-Cyanophenol 4.17 x 10m imei G 

—2 a b,e 
4—Cyanophenol Zo Of O =i Oe dia 
4-Cyanobenzoic acid O232 ! OeNis pre 

| Ae “2g 

Benzonitrile Ce CNT ore TKS) 0 


Reference 3 


(a) 


(b) These values are modified Hammett o constants called 
ome The ao) values are determined from the reactions 
GE puenols OL amines, and are used whenever -the Ssub— 
stituent has a strong mesomeric interaction with the 
reaction site. 

Vc) Reference 43 

(d) Reference 44 


(e) 
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-OCH 


substituent, 


the o 


constant is the value given by 


for the 


-OH substituent being unavailable. 
es i The value of the rate constant quoted here was obtained 
from a preliminary study of this complex. Further work 


is in progress in this laboratory 
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Relationship between the Rates of Reduction 


FIGURE 8. 
of Nitrile Complexes of Pentaamminecobalt (IIT) 


and the Hammett o Substituent Constants. 
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for the para substituted OH group was not available a value 
2 OL ee tee ict OCH, group was used instead. It might be 
expected that the substituent constants for the OH and OCH, 
groups would be very similar. A difference may arise owing 
COT the Lact that va methyivoroup i srmore electron idonating 
than a hydrogen atom. However, this slight: difference in 
electronic effects should only manifest itself as a 
slightly less negative substituent constant for the OH 
Group. “ALSO ther values oreo nL2 46 fFormmtne, ceconstanteror 

a meta methoxy "substirtuentwirs tequal sto "the ofconstant 

fOr a Meta Nydroxy "substituent. 

A consideration of the linear relationship between 
half-wave reduction potentials and o substituent con- 
stants shows that a- linear correlation between the rate 
Of Cnromiumn( Lo) reduction of -thensubsititutedebenzonitride 
complexes and the ease of reduction of the substituted 
benzonitrile ligands can be obtained: 

The activation energy for the reduction of pentaam- 
minecobalt (III) complexes thought to be proceeding by a 
radical ion mechanism is usually fairly small. As shown 
in Table, l2 the activation energy tor *therreducta onsets rhe 
3-cyanophenol complex is slightly higher than expected 
for a radreal’ lon mechanism.) this, however wmaywonly be a 
reflection Of the ‘fact ‘that ithe’ 3-cyanophenol HNigand as 
Tere Uletrcu.e to reduce than. .0r example, athe .tercs 
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reduction of the terephthalonitrile complex proceeds via 
aeradiceals 10n AR ao 

The arguments concerning the relationship between 
the rate of reduction of the 3-cyanophenol complex. indicate 
that a radical ion or superexchange mechanism may be 
operating. These two mechanisms cannot be separated on 
the basis of ligand reducibi ly ty. 

Lt 1S interesting tojnote that thesreduction of éthe 
benzonitrile comp lexyot vcobalt Li bjishasea rate constant 
that is over two times larger than 0.017 ut Seay the 
rate constant for reduction of the acetonitrile complex of 
pentaamminecobalt(III). The latter may be regarded as 
the outer sphere limit for the reduction of nitrile com- 
plexes. The benzonitrile complex, however, cannot be 
reduced by an inner sphere mechanism as it does not have 
the required site for attack by the reductant. As can 
be seen from Figure 5 the rate of reduction of this complex 
fits anto the relationship between the rate and the reduc- 
PDulteveor the ligand. |) Thererore «tt appears that the 
Teducibuigty of Che ligand) 1sy,important for the, reduction 
of a complex that cannot be operating by an inner sphere 
mechanism. 

The data tabulated in Table 9 also shows that the 
rate of reduction of 3-cyanophenol complex is independent 
of the hydrogen ion concentration. This_is .~easonable ,for 


a mechanism involving reduction of the,digand since loss 
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Of the proton from the hydroxy group will increase the 
negative charge on the ligand and should decrease the 
reducibility of the complex relative to the protonated 
form. sii Che Lormations Of a precursor, camplex is very 
important in the reduction the rate might be expected to 
increase for the unprotonated complex. This is because 
the coordinated Bey aronienori cs ion would form a more 
stable complex (III-5) with the reductant than would the 


coordinated 3-cyanophenol ligand (III-6} . 


: IRIS AE = LS 
(NH) 5Co ve{ \-o ae ae (HO) | ae 
A+ 
en, = ( a 
(NH) 5CONC { So CE (#0) 5 (Palat— 5.) 


ik Teds * eM 7 
(NH) ,Co ve{ 8 eC eal Ol a emer 
H Ser 
(NH) ,CONC -Cr(H,0), (III-6) 


The rate being independent of the acid concentration indi- 


eam 


cates again that the ease of reduction of the ligand is 
MOLesLMpoOrtant thanytherstability Of -the bridged complex 
for these nitrile neueructits at least. 

The outer sphere radical ion mechanism does explain 
the experimental data fairly well as far as the larger 


part of the reduction of the 3-cyanophenol complex is 
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concerned. However, there is still a small amount, approx- 
imately 73, of the reaction that proceeds with ligand 
transfer and can be considered as an inner sphere path. 

The ligand reducibility arguments used previously for the 
outer sphere radical ion mechanism can be applied equally 
as well to an.inner sphere radical ion mechanism for -the 
small inner sphere path. However, of the three mechanisms 
proposed for inner sphere reduction with remote group 
attack only the direct exchange mechanism can be eliminated; 
the direct exchange rate of reduction would be expected to 
be independent of the ligand reducibility as the reducing 
electron is at no time in a ligand orbital. The radical 
ion and superexchange mechanisms differ only in the 
lifetime of the ligand radical and therefore are both 
dependent on the reducibility of the ligand. 

The 3-cyanophenol complex and the 4-cyanophenol NEM 
complex have similar amounts of the reaction proceeding by 
aie inneresphere path,eapproximately 72eretThis daLiférsasome-— 
what from the amount of ligand transfer observed in the 
chromium(II) reduction of the terephthalonitrile complex 2s 
Wheremsnagsingand transteryoccunms.@ [hesdaitrerencestan the 
amount "of ligand ‘transfer mayvwindicate! thateas ) the reduc= 
ibility of the ligand decreases the inner sphere bridging 
mechanism may provide an energetically more favourable 
path. This path may be more’ favourablerbecause the re- 


ducabality of othe Ligand’ 1S0increased. when chromium(II) is 
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bonded to the remote group. The ligand may become more 
reducible because of the increase in positive charge 
brougnteaboutsby bonding toi chromium(ti). Therefore the 
Greater theveasce Of reduction of the ligand the lesser the 
amount of the reaction proceeding by a ligand transfer 
mechanism. However, in comparing the cyanophenol complexes 
and the terephthalonitrile complex the differences in the 
basicities of the remote group must be considered. This 
may also be a factor in explaining the different amounts 

of Jigandstranster. 

In an outer sphere electron transfer the rate deter- 
mining step is the transfer of the electron from the re- 
ducianieorbi tal tO a Vacant oxidant, orbital... Clearlyethe 
energy of the orbital into which the electron is being 
transferred is very important. One might possibly expect 
that the lower the energy of this orbital the greater the 
Bace, Om reduction. Similarly in an outer. sphere radical 
ion or superexchange mechanism the energy of the ligand 
orbital receiving the reductant electron is very important. 
Me lower the energy of this orbital the greater the rave 
Gt Tequctvon. Theveneroy Of this. ligqandsorbitalwis 
necessarily tairiy bigh Otherwise the reduced Jigand, the 
radical ion, would be a stable state and the electron 
WOULG not be transferred to the oxidising centre. The 
visible and ultraviolet spectra of a series of substituted 


benzonitrile complexes of cobalt(III) together with their 
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rates of chromium(II) reduction are given in Table 14. 

The long wavelength absorptions with small extinction 
coefficients (approximately 100) can be considered as 

d-d electron transitions taking place exclusively on the 
cobalt(III). However, a correlation between the energies 
of these transitions and the rate of chromium(II)- reduc- 
tion was not obtained. The shorter wavelength absorptions 
in the electronic spectra of the benzonitrile complexes 
which all have extinction coefficients of 210° can be 
considered as charge transfer bands or ligand absorption 
bands with a 91 Origin. Also a clear correlation between 
the energies of these transitions and the rate of chrom- 
ium(II) reduction was not obtained. Clarke and Ford a 
have shown that there is a correlation between the wave- 
lengths of the absorptions in the electronic spectra of 
Substituted 7itrile complexes ‘coordinated’ to ruthenium(il) 
and ruthenium(III) and the Hammett o constants of the 
substituents on the nitriles. They observed that the 

more electron withdrawing the group, as estimated from the 
Hammett o constants, the longer the wavelength cf the 
absorption maxima. They suggested that this was indicative 
of a metal to ligand charge transfer band as an assign- 
ment for these absorptions. Metal to ligand charged 
transfer bands showing similar susceptibility towards sub- 
stituents have been observed with pentaammineruthenium (ITI) 


; ee 48 
complexes of substituted pyridines. However, no such 
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correlation was observed for pentaamminecobalt(III) com- 
plexes of substituted benzonitriles. Without a strict 
assignment of the absorption bands in the ultraviolet 
spectra no definitive conclusions can be drawn. However, 
it appears that the absorption bands are mainly due to 
the ligand itself with some perturbation due to coordin- 


Htl1LoMm oO tne, CobalttLit). centre. 
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There are numerous examples of the effect on the 
chemical properties of a ligand by coordinating the ligand 
to a pentaamminecobalt(III) moiety. One of the most easily 
studied effects is the change in acidity of a ligand upon 


coordination. For the nitrogen bonded isomers of the 


3 ) ’ 


amido si complexes of pentaamminecobalt(III) the pK, of 


sulphamato aa (NH,SO formamido ; (NHCHO) and benz- 
the NH, protons is decreased by more than 10 pK units 
after coordination. The effect can be generaliy attri- 
buted to the electron withdrawing effect of the (NH) ,Co™* 
group and attenuates in the expected way as the acidic 
group is further removed from the metal ion centre. The 
electron withdrawing effect of the metal is also expected 
to increase the susceptibility of coordinated ligands to 
nucleophilic attack. An example of this is found in the 
effect of the coordinated transition metal ion on the 
rate of hydrolysis of coordinated nitriles. Lt has been 
shown that the rate of hydrolysis of the nitrile group 

in 2-cyano-1,10-phenanthroline 2 and in 2-cyanopyridine p 
can be greatly enhanced by the presence of Minty an*t and 
Cus ions. The metal ion is coordinated to the pyridine- 


type nitrogen atom in these ligands and facile alkaline 


hydrolysis is observed at the free nitrile group. The 
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Pare: ot hydrolysis of the coordinated ligand is of the 
order of 10° times greater than the rate of hydrolysis 

of the uncomplexed ligand. The coordination of the 3- and 
4—-cyanophenol ligands to (NH) co™* group increases the 
reactivity of the nitrile group towards alkaline hydrolysis. 
The rate of hydrolysis of uncoordinated benzonitrile was 
Pound to be 8.2 x 707° vie eats at dy Ted Therefore 
coordination resulted in an increase in the rate of 
alkaline hydrolysis of the order of 100% Presumably the 
electron withdrawing power of (NH) <Co™™ increased the 
Susceptibility of the nitrile carbon atom to attack by a 
nucleophile. 

The rate of alkaline hydrolysis of the’ 3— and 4-cyano- 
phenol cobalt(III) complexes was found to be first order 
with respect to hydroxide ion. A microanalysis and an 
electronic, infrared and pmr spectroscopic analysis of the 
products of the benzonitrile hydrolysis were found to be 
consistent with the formation of the N-bonded carboxamide 
Complex. lie Lolmation. ox this N=Donded TSOmecr sls of 
interest, as tt appears that the hydrolysis of the mi trile 
complexes is a general method of preparing the N-bonded 
carboxamido complexes. 

Both Wiberg, and Cohen and Jones have found linear 
free energy relationships between the rates of hydrolysis 
ofa series of substituted nitriles and the Hammett o 


constants of the substituents. A similar relationship has 
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been observed in this study with more electron withdrawing 
substituents increasing the rate as expected for nucleo- 
pheirvecrattack of hydroxidesion, atethe coordinated smi tri Ve 
GLOUp. aml escorre latronmopsenvedmhere could "be readily 
extended to include many other substituents for which o 
constants have been calculated. Examples of the ligands 
whose rate of nitrile hydrolysis after coordination might 
be studied are 4-cyanobenzoic acid, 4-cyanobenzaldehyde, 
terephthalonitrile and isophthalonitrile. These would 
provide a wide range of Hammett o constants. In particular 
the hydrolysis of the 4-cyanobenzaldehyde and the tere- 
phthalonitrile complex would be expected to be much faster 
than the cyanophenol complexes as they have large positive 
Hatime toro ee cCOnstantseOtel.l38ands0.96 respectively. 

It has been shown : that the rate of alkaline hydroly- 
Sis of 2-cyano-1,10-phenanthroline is greatly enhanced by 
the presence of sae, tae or eee ions. The enhancement, 
iteusargqued, is due*to"a more favourable activation 
entropy associated with the bonding of the developing imino 
ion to the metal. In the cyanophenol systems the imino 
ion formed during hydrolysis is already bonded to the metal 
and a similar more favourable activation entropy was found. 

Temaye bes ofeinterest to) show whether orsnot, the more 
favourable entropy is associated with the coordination of 
the imino ion or not and also the possible electronic 


effect of the metal centre on the remote nitrile group. 
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Coordination of the 2-cyano-1,10-phenanthroline to tetra- 
amminecobalt (III) would provide a complex with no site for 
coordination by the imino ion formed on hydrolysis of the 
nitrile group. However, this complex may be difficult to 
prepare because of the steric interaction between the 
nitrile group and =the ammonia ligands on cobalt(III). 
However, coordination of 2-cyanopyridine to pentaammine- 
CObalt (LEE) would provide a similar system for study. This 
complex would “be expected to form fairly easily since the 
2-methylpyridinepentaamminecobalt (III) complex has been 
prepared.” However, it) has been observed oe thet cis— 
[Co(en) , (NH.CH,cN)c1}** reacts in near neutral or basic 
solution to give a purple complex 

[Co (en) (NH.,CH,C (WH,) =NCHCH,NH,)C1]** where one end of a 
bidentate ethylenediamine ligand has lost a proton and 
condensed with the NH, CH. CN Group, Lollowed\ by rearrange— 
ment to givelthesproduct’ (IV=a2)t 7% Therefore ithe: possi= 
bility exists that this type of intramolecular nucleo- 
philic attack may occur in the 2-cyanopyridine complex of 


ee ; . 
with one of the ammino groups as the potential 


(NH2) .Co 
nucleophile. However, the coordinated ethylenediamine 
Protonsganesmore acrdiceebycabout Baph units,-— than che 


ammonia protons and formation of the NES intermediate 


will be less favored in the ammonia system. 
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In any mechanistic discussion of electron transfer 
reaction the analysis of the reduction products is very 
important. It must be emphasised that the kinetic para- 
meters of the reduction cannot be relied upon in the same 
way aS product analysis to indicate the mechanism. 

Wie rates or ther chromium(Lijperediction o€Sthers— 
cyaénophenol cobalt (TI1) complex was) found) to be first order 
with respect to chromium(III) and independent of the hydro- 
gen ion concentration. Thus the phenoxide complex is not 


reactive. 
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The mechanism of the reduction of 3-cyanophenol- 
pentaamminecobalt (III) consists of two paths, a small path 
in which ligand transfer takes place and a much larger 
path an which “no ligand transfer can be detected. A normal 
outer sphere mechanism where the electron is transferred 
directly from the reductant to the oxidant may be postu- 
jated for the large path. However, small changes in the 
nitrile ligand coordinated to cobalt(III) causes changes 
in the rates of reduction of these complexes. This is 
not expected for an outer sphere mechanism. Also the 
activation parameters for the reduction of this complex 
are somewhat different than those expected for a true 
outer sphere process. 

A totally inner sphere radical ion or superexchange 
mechanism may be postulated for the reduction of the com- 
plex followed by partial hydrolysis of the chromium(III) 
ligand transfer complex. This mechanism is consistent 
with the correlation between the rate of reduction and 
the half-wave potentials of reduction of the ligand and 
therefore the iigand"s Teducibiltty. “Also the activation 
parameters are similar to those of established radical 
ion reductions. However, this inner sphere mechanism is 
not acceptable as the chromium(III) ligand transfer com- 
plex is thought to be stable towards hydrolysis : and 
therefore much more of the ligand transfer complex is 


expected as a product. However, it is likely that this 
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mechanism isin fact Operatangeror aysmallepart of the 
reaction producing the approximately 10% of ligand trans- 
fer observed. It cannot be decided whether the inner 
sphere path is a radical ion or superexchange mechanism 
from the ligand reducibilities. 

As neither of the two previous mechanisms sufficiently 
explain the experimental data the outer sphere radical 
ion or superexchange mechanisms were postulated and seem to 
be the most likely explanation for the larger of the two 
reduction paths. In these cases the electron is transferred 
from thesreductant directly vinto a ligand orbital without 
bridge formation. The reducibility of the ligand for both 
of these mechanisms is important and thus both fit in with 
the experimental correlation between the rate of reduction 
and ligand reducibility. Also the activation parameters 
are similar to those of established radical ion reductions. 
The outer sphere radical ion or superexchange mechanism 
for electron transfer for this type of organonitrile ligand 
is supported by the rate of reduction of the benzonitrile 
cobalt(III) complex. As previously noted this ligand does 
not have the remote group required for the formation of 
the precursor complex with the reductant and thus cannot 
be reduced by an inner sphere mechanism. The rate of 
reduction of the benzonitrile complex is 4.27 x Mager 
sec + which is greater than the outer sphere limit. Also 


the rate of reduction fits in well with the linear rela- 
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tionship with the rate of reduction and the Hammett o. 
constants and thus the veducitbility wor the ligand. 

The relationship observed in this work between the 
reducibility of the ligand and the rate of electron trans- 
Sle iGeaeSurong Ina Cation that. a 1adical. ton, OL Super— 
exchange mechanism is operating. However, this relation- 
ship has only been defined in a few systems. It would be 
of interest to extend the series of ligands studied to 
those with other substituents which are potential sites 
for remote attack and have known Hammett constants. Such 
substituents are the aldehyde, on which a preliminary study 
has been carried out 2 the acid group (COOH) whach is 
Deine stucsed dis pLesenteand the metaynttrile ‘group. ~The 
4-cyanobenzaldehyde complex is expected to have a rate of 
reduction greater than the terephthalonitrile complex as 
ifs ge constant valucsicn|.1o) yalhe tsopnthalonrerige 
complex should have a rate of reduction that falls in the 
middle of the series so far studied as its o constant 
Value is 076i. “Other ‘substituents ,olminterest) that have 
known o constant values are the methoxy group (OCH,), 
Which LS expected to have a rate of reduction similar to 
the phenol, and an ester group (CO,R) . When R in the 
ester functionws a methyl group co 1570.176 for a para 
substituent and On sich (Oi Sep Saene tel Musee Gywlersien i eiel ime 

Another similar series of ligands with a different 


Group ecoOrdinated to (the cobalt(lil) species could be 
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studied to see if the reducibility versus rate correlation 
holds for other ligands. In this regard the substituted 
benzamidopentaamminecobalt (III) complexes may be useful. 
They are similar to the nitriles and the carboxamido group 
LS, thought, 2o participate in wa radical, ion mechanism in the 
isonicotinamide complex. Also they are easy to prepare by 
hydrolysis of the corresponding nitrile cobalt(III) com- 
plex. Benzamido complexes are of special interest for a 
radical ion or superexchange electron transfer since a 
protonated benzamide breaks the conjugation between the 
aromatic ring and the oxidant (IV-2). This could have the 
effect of trapping the electron in the aromatic system and 


perhaps allowing the detection of a radical ion intermediate. 
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However, the disadvantage of the benzamido complexes is 
that they have a site, the carbonyl oxygen, for possible 
adjacent attack by the reductant. This would increase the 
problems in determining the mechanism of the reduction. 
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ating by a radical ion or superexchange mechanism, the 
amount of ligand transfer and thus inner sphere reaction 
could be increased perhaps by increasing the basicity of 
the remote group, such as an amino group (-NH.,). However, 
the rate of reduction of such a complex would decrease 
Since the NH, group has a large negative o constant and 
therefore the reducibility of the ligand would be decreased. 
Thus a series of complexes can be envisaged where the 
amount of ligand transfer increases but the rate of re- 
duction decreases. In this context any mechanistic con- 
clusions based on rate data would be entirely invalid. 

An important question relating to the reduction of 
the cyanophenol cobalt(III) complexes is whether or not 
coordination of the cyanophenol ligands to the penta- 
amminecobalt (III) moiety increases the reducibility of 
the ligand. In this particular system under discussion 
the electron on the reduced ligand reduces the oxidant, 
cobalt(III). However, any increase in the ease of 
reduction of the ligand by*+coordination may be due to a 
o effect of the metal ion. This would be of great interest 
as a means of increasing the ease of reduction of various 


compounds by coordination to a transition metal ion. 
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